The terminal structures of the Borna disease virus (BDV) genome (vRNA) and antigenome (cRNA) differ from those of other negative strand RNA viruses, as both molecules possess four nucleotides at the 3′ terminus without an apparent template at the 5′ end of the opposite strand. Consequently, the v-and cRNA molecules are not perfect mirror images, a situation that is not compatible with conventional strategies to maintain genetic information. We show here that recombinant viruses recovered from cDNA lacking the nontemplated nucleotides efficiently reconstitute the 3′ overhangs. Analyses of recombinant viruses encoding genetic markers in potential alternative template sequences demonstrated that the BDV v-and cRNA molecules are extended by a realign-and-elongation process on internal template motifs located in close proximity to the 3′ ends of v-and cRNA, respectively. The data further suggest that cRNA elongation is restricted to a single template motif of the nascent strand, whereas elongation of vRNA might use multiple template motifs. We propose that the elongation of the 3′ termini supports the terminal integrity of the genomic RNA molecules during BDV persistence, and furthermore provides an elegant strategy to eliminate the triphosphate groups from the 5′ termini of the BDV v-and cRNA without compromising the genetic information of the virus.
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mononegavirales | RNA replication | terminal elongation | endonuclease T erminal sequences of RNA virus genomes have important regulatory functions in transcription and replication. The genome termini of negative-strand RNA viruses (NSV) are composed of inverted terminal repeats (ITRs), which represent promoter regions that control the asymmetric expression of genome (vRNA) and antigenome (cRNA). Replication usually initiates with a single nucleotide at the 3′ terminus of the template strand and in some NSV requires the direct interaction of the ITRs (1) (2) (3) . Efficient amplification of viral genomic RNA, therefore, critically depends on the synthesis and maintenance of correct terminal sequences. Protection of terminal integrity is of particular relevance for RNA viruses that persist in vivo, because terminal genome deterioration during persistent infection has been described for several RNA viruses from distinct virus orders and families (4) . Furthermore, 5′ triphosphate groups were identified as pathogen-associated molecular patterns that strongly contribute to the recognition of NSV by the innate immune system (5-7). It is therefore not surprising that many NSV developed sophisticated mechanisms to modify the terminal structures of their genomes. Segmented NSV of the Arena-, Bunya-, and Orthomyxovirus families use prime-and-realign mechanisms in which short, internally synthesized primers realign with the 3′ end of the template strand to initiate genome replication (8) (9) (10) (11) . This process regenerates the 5′ termini from internal templates during each round of replication and generates a triphosphorylated 5′ nucleotide without template function that can be removed by a nuclease activity of the viral polymerase (10) .
Borna disease virus (BDV) has a nonsegmented RNA genome of negative polarity (12) . Replication and transcription of the BDV genome occurs in the nucleus and is not associated with overt cytotoxicity (13) , enabling the virus to establish long-term persistence in a variety of cultured cells and animals. The termini of BDV v-and cRNA molecules remain stable even after prolonged persistence and display unique characteristics, indicating that they are modified during the replication process. For example, we found that both molecules possess four nucleotides at their 3′ terminus that lack an apparent template at the 5′ end of the opposite strand (14) . We initially proposed that the 5′ termini are generated by preferential internal initiation of replication on rare v-and cRNA molecules, providing the purportedly missing nucleotides at the 5′ terminus (14) . However, this model has been challenged by the fact that all attempts to demonstrate the existence of these rare v-and cRNA molecules have failed. Furthermore, we recently found that the 5′ termini of the v-and cRNA molecules are mono-rather than triphosphorylated (7), indicating that enzymatic modification rather than simple internal initiation is responsible for the recessed 5′ termini. To explore alternative possibilities for the modification of the BDV termini, we generated a panel of recombinant viruses from cDNAs with distinct terminal mutations. Analyses of the terminal sequences of the recovered viruses revealed that the recessed 5′ terminus of the BDV genome is not a consequence of internal initiation of replication; rather, it is a consequence of elongation of the 3′ termini of v-and cRNA molecules, which occurs after the template strand has been copied. A picture emerges, which shows that the 3′ termini of the copied v-and cRNA molecules realign to internal sequence motifs on the newly synthesized strand that provide the template for the synthesis of the missing nucleotides.
Results

3′ Termini of BDV v-and cRNA Are Not Synthesized from Standard
Templates. We previously showed that the genomic 3′ overhangs of BDV are maintained, even if BDV is recovered from an antigenome providing the purportedly missing nucleotides at the 5′ terminus (pBDVc) (Fig. 1A) (14) . To challenge the internal initiation model, we modified pBDVc to encode altered terminal sequence motifs (pBDVc-CG) (Fig. 1A) , or introduced terminal deletions of four nucleotides eliminating the sequence information for the v-and cRNA 3′ overhangs (pBDV) (Fig. 1A) or of five nucleotides removing, in addition to the sequence information for the 3′ overhangs, a single nucleotide from each end of the antigenome (pBDV-ΔGC) (Fig. 1A) . Remarkably, constructs pBDVc-CG and pBDV were efficiently rescued, whereas construct pBDV-ΔGC failed to support the recovery of a recombinant virus in repeated attempts (Fig. 1B) . Furthermore, the growth properties of BDVc-GC and BDV were indistinguishable from those of BDVc (Fig. 1B) , indicating that pBDVc-CG and pBDV encoded fully functional BDV antigenomes.
We next performed RACE experiments on RNA extracted from purified BDVc, BDVc-CG, and BDV particles (Fig. 1C) . This analysis showed that all three viruses possessed vRNA molecules with wild-type 5′ ends (Fig. 1C , Left) and 3′ overhangs (5′. . .AACA-3′) (Fig. 1C, Right) . To exclude a contamination with BDVc virus as the source of the wild-type sequences, we confirmed the presence of a diagnostic KpnI restriction site that was exclusively inserted into the genome of BDVc-CG (Fig. S1) . The observation that BDVc-CG and BDV efficiently restored the wild-type 5′ and 3′ termini demonstrated that the 3′ overhangs are not synthesized by a standard template-strand copy mechanism.
BDV v-and cRNAs Are Elongated from Internal Template Motifs. We next tested the possibility that internally located sequences template for the synthesis of the 3′ overhangs. To identify potential template motifs, we assumed that the internal templates are transcribed in the standard 3′ to 5′ direction and that the 3′ terminal C nucleotide of the nascent strand realigns to an internal G nucleotide directly downstream of the reverse complementary sequence of the terminal 5′. . .AACA-3′ sequence. Therefore, we screened the BDV v-and cRNA sequences for internal 5′-. . .UGUU. . .-3′ motifs with a G located directly 3′ of the motif. These criteria were met by two motifs located in close proximity to the 3′ end of the vRNA ( Fig. 2A , MV, green letters) and near the 3′ end of the cRNA ( Fig. 2A, MC Fig. 2C ) in full-length construct pBDV by introducing point mutations in position 2 of each motif (numbering of motif and overhang as in Fig. 2A ). The modified motifs were termed MVg (Fig. 2B) and MCg (Fig. 2C) , respectively, because their transcription would result in the synthesis of a G instead of an A in the 2′ position of the 3′ overhangs (5′. . .AGCA-3′). Full-length constructs pBDV-MVg (Fig. 2B ) and pBDV-MCg (Fig. 2C ) supported the recovery of recombinant viruses with slightly delayed propagation kinetics. We isolated genomic RNA from purified BDVMVg and BDV-MCg viruses and analyzed the 3′ termini of their v-and cRNA molecules by bulk-sequencing and single-clone analysis of RACE fragments. The vRNA of BDV-MVg (Fig. 2B , Left) stably expressed the U to C mutation in position 2 of MVg, and the single-clone analysis demonstrated that G nucleotides were present in the 2′ position in roughly 40% of the vRNA molecules (Fig. 2B , Left). The finding that 5 of 10 single clones displayed wild-type termini in the presence of MVg suggested that alternative mechanisms or motifs might exist for vRNA elongation. The U to C mutation in position 2 of MCg apparently was under strong selection pressure to restore the wild-type sequence and had reverted in more than 50% of the cRNA molecules by the time the rescue was completed (Fig. 2C, Right) . Remarkably, only those single clones with a C nucleotide in position 2 of MCg displayed a G nucleotide at the 2′ position of their overhangs, whereas all strands with wild-type MC had an A residue in the 2′ position. These data showed that cRNA elongation is strongly dependent on the MC sequence of the nascent strand, providing direct evidence for RNA elongation from internal template motifs.
Interestingly, cRNA of BDV-MVg (Fig. 2B , Right) and vRNA of BDV-MCg (Fig. 2C, Left) showed no incorporation of G nucleotides into their 3′ termini. These observations argued against a possible scenario in which MC on the template strand provides the template for the elongation of the newly synthesized vRNA and vice versa (15) .
Different Combinations of Mutations in MV and MC Identify a
Sequence Dependence of the Elongation Process. To further analyze the template functions of MV and MC, we generated fulllength cDNA constructs in which mutations in these motifs were combined (Fig. 3) . Viruses derived from constructs pBDV-MVg/ MCg (Fig. 3A) and pBDV-MVu/MCu (Fig. 3B ) could be rescued. Interestingly, the propagation of BDV-MVu/MCu was more strongly attenuated than that of BDV-MVg/MCg (Fig. 3C ), in- The RNA was extracted from purified virus particles isolated after complete infection of the rescue cells. The vRNA molecules were modified by ligation of an RNA oligo to the 5′ terminus, or by addition of a poly C tail to the 3′ terminus before the termini of the modified vRNA molecules were amplified by RT-PCR as previously described (14) . The electropherograms were obtained by direct sequencing of the PCR fragments and show the bulk sequences of seven nucleotides from the 5′ terminus (Left) and eight nucleotides from the 3′ terminus (Right).
dicating that the efficacy of the elongation process depends on the precise sequence of the template motif. The analyses of the vRNAs of BDV-MVg/MCg (Fig. 3A) and BDV-MVu/MCu (Fig.  3B) demonstrated the incorporation of G and U nucleotides, respectively, in roughly 50% of the 3′ overhangs and further confirmed the template function of MV in vRNA elongation. We next generated a full-length cDNA combining MVu with MCg (pBDV-MVu/MCg, Fig. 3D ) to further investigate whether MV and MC have template function in the elongation of the opposite strand. We reasoned that if use of MC as template for vRNA elongation can occur, it would be favored by combination of a strongly inhibiting U mutation in MV with a less inhibiting G mutation in MC. The analysis of the vRNA 3′ termini (Fig. 3D , Left) again showed that the mutation inserted into MV remained stable, but resulted in the synthesis of a U in the 2′ position of the overhang in only roughly 40% of the vRNA molecules. No evidence was found for the incorporation of a G into the 3′ overhangs of the vRNA, arguing against a template function of MC in vRNA elongation. Similarly, the cRNA molecules of BDV-MVu/ MCg (Fig. 3D, Right) 
.UGUU(G). . .3′]
is located 405 nucleotides upstream of MV. Because of its remote location, it is an unlikely template motif for vRNA elongation. We previously showed that the 3′ terminal-A nucleotide of BDV v-and cRNAs can be added in a nontemplated manner (14) , suggesting that a 5′. . .GUU. . .3′ motif might contain sufficient information to direct the synthesis of wild-type 3′ overhangs. Based on these considerations, we decided to analyze whether the nucleotides directly upstream of MV (5′. . .GUU. . .3′, positions 7 to 5) (Fig. 4A, gray letters) can contribute to vRNA elongation. We independently introduced U to A mutations (vRNA orientation) in positions 5 and 6 of constructs pBDV-MVg+a 5 ( Fig.  4B ) and pBDV-MVg+a 6 (Fig. 4C) that would guide the insertion of U residues into the 3′ overhang and combined these mutations with MVg. Both constructs gave rise to recombinant viruses with severely restricted growth properties. Analysis of the vRNA molecules of BDV-MVg+a 5 (Fig. 4B, Left) showed that not only G and A nucleotides, but also U nucleotides were inserted into the 2′ position of their 3′ overhangs, providing direct evidence for the transcription of the alternative template.
Interestingly, the bulk sequence of motif MVg+a 5 (Fig. 4B , Left) showed minor T peaks clearly above background in both mutated positions (small arrowheads). The appearance of wildtype nucleotides at these positions indicates a strong selection pressure on MVg. The effect on MVg was even more pronounced in virus BDV-MVg+a 6 and resulted in the reversion of the U to C mutation in 6 of 10 single clones (Fig. 4C, Left) . The observed enhanced counter selection of alterations in MVg suggested that mutations in positions 5 and 6 limit the use of the alternative template sequence and therefore affect the stability of MVg. We also noted that the mutations in positions 5 and 6 strongly affected the length and the sequence of the v-and cRNA overhangs. The majority of the single clones of both RNA species displayed prolonged overhangs consisting of long repetitive A and C stretches with no apparent template motif in the BDV genome (Fig. 4 B and C) . We conclude from these data that MV represents the main internal template motif used for vRNA elongation. The data further suggest that the upstream nucleotides provide an alternative template motif that, however, might only be used if efficient transcription of MV is inhibited by mutation. 
Discussion
Replication of the genomic RNAs of NSV usually initiates with a single nucleotide at the 3′ end of the template strand and continues until the nascent strand has reached the 5′ end. As a consequence of this process, both the template and the newly synthesized strand are perfect complements. In some NSV, this general scheme of genome amplification has been extended by the use of internally synthesized primers to initiate the replication process (8) (9) (10) (11) . Realignment of the primer to the 3′ end of the template frequently generates a nucleotide at the 5′ end of the nascent strand with no complementary nucleotide on the template strand. These nucleotides are not required to maintain the genetic information of the virus and in some cases are enzymatically removed to eliminate the terminal 5′ triphosphate group (10) .
The structure of the BDV genome is special among the NSV in the sense that nucleotides lacking a complement on the opposite strand are found at the 3′ termini of v-and cRNA molecules. We recently demonstrated that the 5′ termini of the BDV v-and cRNA are monophosphorylated, indicating their enzymatic modification (7) . With the standard replication model it is difficult to explain how these terminal structures might be generated. If the standard replication model would apply, the removal of the 5′ terminal nucleotides of the template strand could only occur after successful and complete transcription into its complement. If cleavage occurred earlier, the information for the 3′ overhangs would get lost. Although a mechanism seems possible in which cleavage of the template strand is coupled to termination of the newly synthesized strand, it is difficult to envisage how such a mechanism could result in the reported strong asymmetry of BDV replication (16) . The reported excess of vover cRNA would demand that vRNA molecules are cleaved after being copied only once, whereas cRNA would have to be copied several times before cleavage could occur.
The above-mentioned consideration stimulated an intense search for alternative explanations of how the 3′ termini of BDV might be generated. To gain more insight into these processes, we analyzed recombinant viruses recovered from full-length cDNA constructs encoding altered terminal sequences. These experiments showed that the 3′ overhangs are not transcribed from the template strand, but rather from internal template motifs located in close proximity of the 3′ end of the nascent strand (Fig. 5A) . The use of internal templates was supported by two main findings. First, we found that the 3′ overhangs of v-and cRNA do not contribute to the genetic information of the BDV genome. The minimal BDV genome required for virus recovery was encoded by pBDV (Fig. 1A) , demonstrating that the BDV genome (Fig. 5B) is four nucleotides shorter than previously published (17, 18) . Second, our experiments showed that mutations introduced into internal template motifs MV and MC (5′. . .UGUU. . .3′) ( Fig.  2A ) direct base changes in the overhanging nucleotides (5′. . . AACA-3′) always in a sequence-and position-specific fashion. We propose that elongation of v-and cRNA from internal templates occurs in three steps (Fig. 5A) . In a first step, the template strand is transcribed until the nascent strand reaches the 5′ end of the template strand. Next, the terminal nucleotide of the copied strand (on both strands a C) realigns to a G nucleotide directly downstream of an internal template motif located on the same strand, which then is transcribed to generate the 3′ overhangs.
There are several open questions that need to be answered to better understand the realign-and-elongation process and its consequences for BDV propagation. For example, it remains unclear which RNA polymerase is responsible for the synthesis of the 3′ overhangs. We consider it very likely that the BDV polymerase transcribes the internal template. However, because BDV replication takes place in the nucleus (13), we cannot exclude the possibility that cellular RNA polymerases contribute to this process. The fact that the 3′ terminal elongation of genomic RNA has not been observed in other members of the Mononegavirales argues for the possibility that the elongation process is associated with-or even a consequence of-the nuclear rep- 
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RACE analyses of v-and cRNA molecules derived from BDV-MVu/MCg. RNA was extracted upon complete infection of the rescue cells and RACE fragments were generated as described (14) . Analyses of the 3′ RACE fragments, figure layout and color code are identical to those described in Fig. 2 .
lication of BDV. In vitro replication systems that could be used to test this hypothesis are not yet available for BDV. It further needs to be investigated how efficient recognition of the template motif and correct termination of the elongation are guided. Our observation that mutations in and around the template motifs affect virus growth and the accuracy of the elongation process (Figs. 3 and 4) in a sequence-dependent manner strongly suggests that template recognition and termination are guided by the sequence itself. Nucleotides of the internal template and of surrounding sequence motifs could directly interact with residues of the RNA polymerase to guide the terminal C residue to the initiation site (Fig. 5A ) and to terminate transcription after synthesis of four additional nucleotides. Alternatively, the termini of v-and cRNA could adopt defined secondary structures which position the terminal C residue to the initiation site and enforce the termination. Additional mutational analysis will be required to decide which of the two models is correct.
It should be noted that the apparent sequence-dependence of the elongation process suggests that the elongation of v-and cRNA are mechanistically different. The sequences downstream of the identified template motif differ in length and sequence composition on v-and cRNA molecules (Fig. 5A ) and also the sequences upstream of MV and MC are different in position 7 (G in the vRNA versus C on the cRNA) of the alternative template motif (Figs. 4A and 5A ). These sequence differences might affect efficacy and accuracy of the elongation process on the two strands. They might even affect the stoichiometry of vand cRNA molecules in infected cells. The different sequences and the apparent sequence-dependence of the elongation process also provide a possible explanation for the observation that the vRNA can use an alternative template for the elongation of the 3′ end (Fig. 4B) , whereas cRNA elongation is restricted to MC on the same strand (Figs. 2C, and 3 A, B, and D) . The 3′ terminus of the vRNA might possess sufficient flexibility to switch between MV and the alternative template provided by the nucleotides in positions 5 to 7 (Fig. 4A) , especially if efficient transcription of MV is hindered by mutation. The 3′ terminus of the cRNA, in contrast, might lack this flexibility. Furthermore, the nucleotides located directly upstream of MC do not constitute a template that could be used to transcribe a wild-type overhang.
Finally, the observation that mutations inserted upstream of MVg not only affected sequence composition and length of the 3′ overhangs of the vRNA, but also those of the cRNA molecules (Fig. 4) suggests that the 3′ and 5′ termini of the v-and cRNA molecules are in close contact during the elongation process and its termination. Such a scenario implies that the v-and cRNA molecules adopt a circular panhandle-like structure during the replication process, indicating a high degree of structural and spatial organization of BDV replication.
Why does BDV use such a complex mechanism to modify the termini of its genomic and antigenomic RNAs? A reasonable explanation is that long-term viral persistence, a key feature of the BDV replication strategy (19, 20) , may only be achieved if (i) the terminal integrity of the BDV genome is preserved and (ii) antiviral host cell responses are prevented. The realign-and-elongation process renews the 3′ termini of v-and cRNA molecules from internal templates during each round of replication and can only occur if the termini are complete (Figs. 1B and 5A ). This process therefore provides an integrated quality control that suppresses replication of RNA molecules with terminal deletions. Furthermore the additional nucleotides at the 3′ termini of genomic and antigenomic RNA provide a potential template for the synthesis of 5′ terminal nucleotides (Fig. 5B) . These nucleotides can be removed without loss of genetic information (Figs. 1 and 5B). Because immune recognition of viruses includes the sensing of 5′-triphosphorylated RNA by RIG-I (5, 6), viruses with 5′-monophosphated genomes have a selective advantage (7) . In analogy to other NSV (10, (21) (22) (23) , the cleavage could be mediated by a viral endonuclease activity associated with the BDV polymerase. If this were the case, BDV would be the first NSV to display a cap-independent endonuclease activity of the polymerase that is not associated with cap-snatching for mRNA initiation. The recent identification of RNA modifying activity in the nucleocapsid protein of Lassa virus (24, 25) suggests that other BDV proteins might also mediate the cleavage of the 5′ termini.
The realign-and-elongation mechanism that we have described provides an elegant strategy to connect terminal quality control (Fig.  5A) and removal of 5′ triphosphates without compromising genome integrity (Fig. 5B) . To formally prove this model, future experiments will need to identify the proposed endonuclease activity which processes the 5′ ends of the BDV genome and antigenome.
Materials and Methods
Plasmid Constructions. All point mutations and sequence deletions were introduced into pBRPol II-HrBDVc (26) or pBDV by mutational PCR using the Turbo Pfu DNA polymerase (Stratagene) and standard reaction conditions. The integrity of all PCR-derived DNA fragments was verified by sequencing. Primer sequences and details on the cloning strategy are available on request.
Viruses. Rescue of recombinant BDV and preparation of purified viral particles were performed as previously described (26) .
Fluorescence Microscopy. Approximately 10 5 of the cocultured 293T and Vero cells were seeded into 12-mm dishes (24-well). The next day the cells were fixed for 10 min in 3% paraformaldehyde and permeabilized by incubation for 5 min in PBS containing 0.5% Triton-X 100. BDV antigen was detected as described using a rabbit polyclonal antiserum directed against the BDV-N protein.
Preparation and Analysis of v-and cRNA. Total RNA for RT-PCR and RACE analyses was prepared from purified virus stocks with peqGOLD TriFast reagent (PeqLab) as recommended by the manufacturer. Reverse transcription was carried out using hexamer primers and the H minus first strand cDNA synthesis kit (Fermentas) according to the manufacturer's protocol. The tailing reactions for 5′ and 3′ RACE and amplification of terminal fragments were performed as described (14) .
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